Abstract: An accurate prediction of flows using CFD depends on a large number of factors. In addition to discretizing the flow region, the correct definition of boundary or initial conditions and the choice of suitable numerical methods, the applied turbulence model influences the results of the flow simulation to a great extent. Therefore, a validation of the results with the experimental data is of great importance for a correct selection of a turbulence model. It is the scope of this paper to assess different turbulence models for the simulation of pipe flows. The calculation results of pipe flows through a combination of 90° elbows and a 1/3 segmental orifice are compared with experimental measurement results. This has the advantage that the suitability of the turbulence models for simulating both shear and swirl flows can be investigated. Thus, the k-ω, k-ε model and the Launder Reece Rodi Reynolds stress model are compared with each other and experimental results. Furthermore, this investigation is extended through including a much more c detached-eddy simulation. This model provides better prediction of the flow by resolving the large eddies and modeling the small ones. The experimental results originate from LDV measurements over the entire pipe cross-section. This measuring method provides velocity vectors over the measured surface.
Nomenclature

Introduction
In order to perform a reliable simulation of a flow problem with CFD, an understanding of the procedures and methods used is strongly needed. Apart from creating an incorrect mesh for the simulation model and a false indication of numerical methods, the choice of the turbulence model affects the outcome enormous. In addition, it is essential to validate the simulation results with measurements. The aim of this work is to investigate different turbulence models of the open source CFD program OpenFOAM for capturing pipe flows, which are disturbed by a segmental orifice and a combination of elbows based on measurement results. Elbow and segmental orifice fittings are the most common problems in pipes.
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Furthermore, these installations generate swirl and shear flows which require high demands on the turbulence model. The data used for comparison are measured on a test stand for investigating pipe flows by means of LDA. LDA measurements just as PIV measurements [1] , are well suited for the study of highly vortical flows. Furthermore, these methods allow the capturing of large-scale as well as small-scale flow structures. Takamura [2] investigated the complex turbulent flow in a short elbow pipe under high Reynolds number conditions. In addition, Tanaka [3] carried out some URANS simulations of unsteady eddy motion in pipe flows at high Reynolds numbers conditions. Weissenbrunner [4] investigated the flow field after a 7% segmental orifice by means of PIV measurements and transient detached eddy simulation as well as a stationary simulation with a RANS turbulence model. Vijiapurapu [5] considered the influence of different turbulence models for flows through rough pipes. With this work, an overview will be provided on how different turbulence models represent disturbed pipe flows.
Experimental Setup
In order to validate the simulation data, the described pipe fittings were examined on a test rig (Fig. 1) . From a 4 m³ big tank water is pumped in a closed circuit by a centrifugal pump. The piping, with a diameter D = 53.6 mm, is made primarily from PVC (Poly-Vinyl-Chloride). This allows a high flexibility of the test rig. The working fluid is tap water at 20 °C. A wide range of Reynolds numbers can be examined, since the pump generates a maximum flow rate of 42 m 3 /h. In this study, a Reynolds number of 50,000 was used. In front of the measurement site a 100 D long straight pipe ensures a fully developed flow. In addition, this is supported by the installation of a plurality of perforated plates and a tube bundle rectifier at the beginning of this pipe section. At the measuring section, a flow profile over the entire tube cross-section can be measured with Laser Doppler Velocimetry. The disturbance of the flow is directly induced by the installed fitting before the measuring section. A 1/3 segmental orifice with a thickness of 7 mm was investigated. In a segmental orifice a region of the tube cross section is closed by a segment. In this way a partially closed valve in pipelines can be imitated. The second examined geometry consists of two consecutive 90° elbows (Fig. 2) . The main function of an elbow is to redirect a pipe flow in a desired direction. At the interior side of an elbow the flow separates. This causes a complex flow field and vortices shedding downstream. 
Numerical Setup
The swirling flow after the elbow and the shear flow after the segmental orifice are simulated with the same element size as well as boundary layers for the simulation grid and settings of the numerical method with the k-omega and the k-epsilon turbulence model and the LRR turbulence model (RANS model). In addition, these studies are extended by a computational-intensive detached eddy simulation. For this purpose the computational grid and the numerical methods were adapted to the requirements of the DES.
For an incompressible flow, the following continuity equation applies: 0 (1) Furthermore, the following can be written for the momentum equation:
The k-ε turbulence model is the workhorse of practical engineering flow calculations to simulate mean flow characteristics for turbulent flow conditions [6] . It is a two equations model which gives a general description of turbulence by means of two transport equations. This approach consists of the two values k and ε. The equation k, the turbulent kinetic energy, and ε, the rate of dissipation of the turbulent kinetic energy, have the following form: (3) and (4) In the k-ω turbulence model, the turbulent kinetic energy is calculated after ρωk
and the specific rate of dissipation is calculated after ρω
The equations contain some adjustable constants. The values of these constants originate from numerous iterations of data fitting for a wide range of turbulent flows. Through these two modeling approaches for the turbulence the required computational effort and resources are reduced. The Reynolds stress model [7, 8] involves calculations of the individual Reynolds stresses using differential transport equations. DES (detached-eddy simulation) is an example of a new kind of methods that seek to bridge the gap existing between the just introduced RANS approaches and LES (large-eddy simulation) concerning computational cost and predictive accuracy. In the regions next to walls RANS models can represent the flow very well at minimal computational cost, however, they exhibit significant deficiencies in massively-separated flows. On the contrary, LES delivers more accurate predictions due to the limitation of modeling empiricism to the smallest turbulent structures. However, the numerical cost for wall-bounded flows is enormous and increases strongly with Reynolds number.
In Fig. 3 , the simulation model of the segmental orifice and the elbow combination is shown. For the segmental orifice, the data were evaluated at 7 D and for the elbow combination 10 D downstream of the disturbance.
For the stationary calculations with the k-ε, k-ω and LRR turbulence model, a structured mesh with boundary layers was created with a total of 6.2 million elements. For the transient DES, this mesh was further refined, up to 13 million elements. Mostly, the At the inlet, a fully developed velocity profile was calculated with a periodic boundary condition. In this method the fully developed velocity profile is created by using a periodic boundary condition starting with a uniform velocity profile (Fig. 5) . This was applied to the cases with the DES and RANS turbulence models.
For the simulation, a kinematic viscosity of 1,004 × 10 -6 m 2 s -1 was selected for the property of the fluid.
Results and Comparisons
The In addition, the data are evaluated along the axis of symmetry (Fig. 6) . The velocity profiles along this axis are shown in Fig. 9 . The simulation results of the elbow combination are evaluated in the same manner. Figs. 10-14 show the velocity profiles.
In the elbow combination, all turbulence models were compared along one path (Fig. 10) , too. The following chart (Fig. 15) shows the different velocity profiles.
Summary and Conclusions
The aim of this study was to investigate various turbulence models for the simulation of shear and swirl flows. In order to validate the simulation results measurements were performed on a 1/3 segmental orifice and a combination of 90° elbows on a test rig for investigating pipe flows. The velocity profiles over the entire pipe cross section were measured by means of LDV. In a further step, the simulation models of the described disturbances were created. The k-omega, the k-epsilon, the LRR and the detached eddy simulation turbulence models were examined in this study for capturing the flow conditions. The comparison of the simulation results showed that the computationally expensive detached eddy simulation resolves the flow very well both in the segmental orifice and in the elbow combination. Nevertheless, in the case with the segmental orifice this model shows some inaccuracy in the regions near to the wall. This can be lead back to the resolution of the mesh in this area.
Regarding the RANS turbulence models, the k-ω model showed a good correlation with the measurements. Concerning the elbow combination the LRR model performed just as poorly as the k-ε model. However, the LRR model is suitable for resolving flows with high vortex intensity, therefore, it can be reasonably concluded that the exciting vortices after the elbow combination are not strong enough to use the benefits of this turbulence model. LDV LRR k-omega k-epsilon DES
